We discuss the higher order cumulants of net-baryon and electric charge fluctuations as a probe of the QCD crossover. The sensitivity of the higher order cumulants in the hadron resonance gas model to an inclusion of repulsive interactions is also considered.
Introduction
Unraveling the structure of Quantum ChromoDynamics (QCD) phase diagram poses a formidable challenge for theoretical and experimental physics. On the theory side, the thermodynamics of nuclear matter has been explored numerically in the first principle lattice QCD (LQCD) calculations [1, 2] . On the experimental side, the hot and dense matter has been studied in heavy-ion collisions [3] .
LQCD results for the physical pion mass show that, at temperature about T pc ∼ 160 MeV [1, 2] , nuclear matter undergoes transition with partial chiral symmetry restoration and deconfinement. As it has been demonstrated, this transition from hadron to quark/gluon degrees of freedom is of crossover type. Presently, LQCD is, however, limited only to calculations of basic thermodynamic quantities at zero chemical potential. At finite baryon densities, progress in LQCD calculations have been impeded by the * E-mail: vskokov@bnl.gov sign problem. Nevertheless, model calculations as well as preliminary lattice results provide some evidences in favour of a critical end point (CEP) of the chiral phase transition at some finite temperature and density.
Regarding the CEP, one would expect a drastic modification of measured fluctuations of conserved charges [4] [5] [6] , e.g. the baryon number, if a) a significant part of a fireball created in a collision enters and lives long enough to develop critical fluctuations in the critical region of the CEP; b) the CEP is located close to the chemical freezeout 1 to guarantee survival of the fluctuations. The latter, the proximity of the freeze-out to the CEP, is not know a priori. At present, from LQCD, we have very limited information about the phase diagram of nuclear matter: 1) the temperature of the crossover at zero baryon chemical potential T has been calculated [1, 2] ; 2) the curvature of the transition line at zero baryon chemical potential κ has been also found [8] . These results infer that the temperature of the transition at zero baryon chemical potential is very close to the chemical freeze-out. From comparison of the curvatures, one can also conclude that the phase transition line and the chemical freeze-out line separate at non-zero chemical potential [9, 10] . When comparing theoretical predictions to the experimental data, an additional complication arises from conservation laws, e.g. the baryon number conservation [11] . Theoretically, the singular behaviour of the fluctuations is predicted in the grand canonical formulation of thermodynamics. Consequently, to address the same physics experimentally, one is required to simulate the grand canonical ensemble, i.e. to study fluctuations in a restricted phase space. This is achieved by performing cuts in the rapidity and transverse momentum of detected particles. Ideally, the cuts should be fixed in such a way as to minimize the effects of the conservation laws. In practice, one, however, has to find a compromise between this and the statistical significance of experimental measurements. As was shown by transport model calculations, this tight compromise is very challenging or even impossible for low energy collisions [12, 13] . These considerations have motivated us to study properties of the baryon number fluctuations in high-energy heavy-ion collisions or equivalently at zero or small baryon chemical potential [14] , where, as we mentioned earlier, the chemical freeze-out line and the crossover is very close to each other. As was shown in Ref. [14] , this proximity leads to significant modifications of the higher order cumulants of net baryon number fluctuations. An experimental observation of these effects may provide an evidence in favor of the transition, as well as constraints on the relative position of the chemical freeze-out line and the phase transition line at a small chemical potential, including experimental information on the temperature of the transition. In the next section, we illustrate the behavior of the high order cumulants in the framework of the Polyakov loopextended quark-meson (PQM) model beyond the meanfield approximation. The details on the model and calculations can be found in Refs. [15, 16] .
Cumulants of baryon and electric charge fluctuations
Fluctuations of conserved charges can be quantified by cumulants. Experimentally, the cumulants are calculated from corresponding probability distributions obtained by the event-by-event analysis. Theoretically, in the grand canonical formulation of thermodynamics, the cumulants for charge X are proportional to generalized susceptibilities, derivatives of the pressure with respect to the corresponding Lagrange multiplier µ X :
whereμ X = µ X /T andˆ = P/T 4 . At zero baryon chemical potential, the cumulants up to the sixth order for baryon number fluctuations and up to the eighth order for electric charge fluctuations have been obtained in preliminary LQCD calculations. These results suggest that the sixth order cumulants are negative close to and at the transition. It has been shown in Ref. [14] , that the temperature dependence of the cumulants is very similar to the one obtained from the O(4) scaling functions. General properties of the cumulants can be also understood in model calculations. Moreover, in a model, one may consider, at least on a qualitative level, the presently not-accessible for lattice region of finite baryon densities. In this article, to illustrate properties of the cumulants we use the Polyakov loop-extended quark-meson (PQM) model. In the chiral limit, it shares with QCD a global O(4) symmetry, which is spontaneously broken at low and restored at high temperatures. Figure 1 shows the temperature interval, closest to the hadronic phase, where the sixth-order cumulants of net baryon number and electric charge fluctuations are negative. It is evident that the sixth-order cumulants are negative in a wide range of temperatures which extends into the hadron phase. At finite values of the baryon chemical potential, the region, where the sixth order cumulants are negative, shrinks and follows the crossover line. We would like to point out that in the conventional HRG model the sixth order cumulants of net baryon number and electric charge fluctuations are manifestly positive. In experiment, owing to a discrepancy between the freeze-out temperature and the temperature of the transition, finite volume effects and etc., one may not observe negative cumulants, but rather a substantial decrease of the higher order cumulants in comparison to their HRG values. This, however, should be taken with caution as we discuss in the next section.
Cumulants in HRG model with excluded volume corrections
Thermodynamics at freeze-out is, in a first approximation, well described by the hadron resonance gas (HRG) model, which has been shown to be very successful in describing not only the data on particle yields [17, 18] but also the thermodynamics of a strongly interacting medium at low temperature as computed in LQCD (see e.g. [19] ). In Refs. [17, 18, 20] , it has been proposed, that the HRG model results for the cumulants of the net-baryon and electric charge fluctuations may serve as a theoretical baseline, which can be used to pin down non-trivial changes owing to phase transitions in heavy-ion collisions. Thus, it is important to test how stable the HRG model predictions for the higher order cumulants are with respect to the hadron interactions. tion we use the HRG model with excluded volume corrections [21] . Pressure in this model is given by exl (T µ) = id (T µ − exl (T µ)), where is the eigenvolume of a hadron and id is the pressure of an ideal HRG, which includes all hadrons with mass smaller than 2.5 GeV. In Figure 2 , the temperature dependence of the ratios χ 3 approximately correspond to the radius of a hadron = 0 1 and 0.5 fm respectively. In case of the conventional HRG model = 0, these ratios are independent of temperature and equal to unity. These preliminary results show that, while the fourth order cumulant is only weakly affected by the excluded volume corrections, the sixth order cumulant is strongly modified in comparison to the conventional HRG model. To draw final conclusion on the relevance of the excluded volume correction in the HRG model, one would need to perform a thorough comparison of the model with the low temperature LQCD thermodynamics and with the experimental hadron yields.
Conclusions
The higher order cumulants are a sensitive probe of phase transitions. We show that the sixth order cumulants of net-baryon number and electric charge fluctuations are negative close to the QCD crossover. The HRG model is commonly used as a theoretical baseline in analysis of the heavy-ion data. However, one should proceed with caution when the higher order cumulants of the HRG model are compared with experimental results, because, as we show in this article, the higher order cumulants are very sensitive to the inclusion of the repulsive interaction. Besides the conservation laws discussed in Introduction, non-equilibrium effects, which are,as experimental data suggest, negligible for the low order cumulants (up to the fourth), may drastically affect the higher order ones.
